To examine whether discordance in the hormone-receptor status predicts clinical outcomes in patients with bilateral synchronous (SBC) or metachronous breast cancer (MBC), we analyzed data from the Surveillance, Epidemiology, and End Results program (1998e2011) using Cox models. After excluding 10,231 patients with missing data on hormone receptors in at least one tumor, 4403 SBC and 7159 MBC were included in the study. Among SBC cases, patients with estrogen receptor (ER)-discordant tumors had higher mortality risk (multivariable-adjusted hazard ratio [HR] ¼ 1.96, 95% confidence interval [CI] 1.60e2.40) than patients with ER concordant-positive tumors, whereas patients with ER concordantnegative tumors had the highest risk (HR ¼ 2.49, 95% CI 2.03e3.07). Among MBC cases, patients with a positive-to-negative change in ER status (HR ¼ 1.32, 95% CI: 1.08e1.62) or ER concordant-negative tumors (HR ¼ 1.48, 95% CI: 1.19e1.85) had worse survival than patients with ER concordant-positive tumors. In conclusion, discordance in the hormone-receptor status was an independent predictor of survival outcomes.
Introduction
Hormone receptors are established biomarkers for prognosis and treatment of breast cancer patients [1] . Tumor heterogeneity is becoming important in the management of breast cancer. Using estrogen receptor (ER) as a biomarker, 5e10% of multifocal/multicentric cancers [2, 3] and approximately 20% of bilateral breast cancers are discordant [4e8] . The ER status of metastases differs from that of the primary breast cancer in 10e40% of patients [9e11] .
The prognostic relevance of change in hormone-receptor status has been evaluated in neoadjuvant setting and in patients with distant relapse. Chen et al. found that the positive-to-negative change in hormone-receptor status after neoadjuvant chemotherapy was an independent predictor of poor survival [12] . Other studies found that cases with discordant receptor status of metastatic disease and primary breast cancer have a worse prognosis than those with ER concordant-positive status [13e15] .
A recent review and meta-analysis has suggested that patients with synchronous bilateral breast cancer (SBC) have worse prognosis than patients with single unilateral breast cancer [16] . However, it is unclear whether inconsistent hormone-receptor status predicts worse clinical outcomes among SBC patients. It is also unclear whether the hormone-receptor status of the first cancer is a prognostic factor for the second breast cancer among patients with metachronous breast cancers (MBC). To address these questions, we conducted a large retrospective cohort study of patients with bilateral breast cancers.
Patients and methods

Patient selection
Using data from the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program [17] , we conducted a retrospective, population-based cohort study of women with two primary breast cancers. Using a unique identifier assigned to each patient in SEER 18 registry database (1998e2011), we identified 22,976 female patients who had bilateral breast cancers with the first cancer being diagnosed between 1998 and 2005. Of these patients, we excluded those lacking follow-up data (n ¼ 180, 0.8%) and those with stage IV first or second cancer (n ¼ 1003, 4.4%), and those with unknown ER-or progesterone (PR)-status in one of the two tumors (n ¼ 10,231, 44.5%). After these exclusions, 11,562 patients remained, including 4403 patients in the SBC cohort and 7159 in the MBC cohort. According to our previous concordance study [8] , two tumors were considered synchronous if they were diagnosed within 6 months.
The SEER database contains demographic information including age, race, and marital status. Tumor characteristics reported for each of the two tumors were histology, stage, grade, laterality, ER and PR statuses. Treatment information is available on surgery and radiotherapy, but not on chemotherapy and hormonal therapy. Stage was reported according to the American Joint Committee on Cancer TNM classification system.
Statistical analysis
First, we explored the missing data patterns of ER and PR between the two breast cancers. We compared patients who had complete data on hormone-receptor status in both cancers with patients who were dropped because of missing hormone-receptor status in at least one cancer using Chi-square tests or Wilcoxon rank-sum tests. We also examined factors related to missing ER status among patients who had ER data available only for one tumor, by using signed-ranks tests.
We examined the combined effect of the hormone-receptor statuses of two tumors on overall survival (OS) and breast cancerspecific survival (BCSS). OS was defined as the time interval between the date of the second cancer diagnosis and the date of death or last follow-up. BCSS was defined as the time interval between the date of the second cancer diagnosis and the date of death due to breast cancer or the date of last follow-up. Survival curves were estimated by the KaplaneMeier method. We used piecewise Cox models to examine the independent effect of hormone receptors. After checking the proportional hazard assumption in classical Cox models, we found that it was violated for hormone receptors. Therefore, we stratified follow-up time into intervals so that the proportional hazards assumption held in each interval. We found that a model stratified at 5 years of follow-up fulfilled this condition and was parsimonious. The period-specific hazard ratio (HR) and 95% confidence interval (CI) were calculated from Cox models.
The SBC and MBC cohorts were analyzed separately. In the SBC cohort, patients were categorized into three groups according to the hormone-receptor status of the two tumors: concordant positive (þ/þ), concordant negative (À/À), and discordant (þ/À and À/ þ). Other demographic and clinical factors of both cancers as listed above were adjusted for in the multivariable models. Age at diagnosis was modeled as a continuous variable with restricted cubicspline transformation (5 knots at 42, 55, 64, 73, and 85 years old). In the MBC cohort, patients were categorized into four groups according to the hormone-receptor status of the two tumors: concordant positive (þ/þ), concordant negative (À/À), negative-topositive change (À/þ), and positive-to-negative change (þ/À). We first examined the effect of the ER status of the two cancers. Then, we examined the effect of the PR status and adjusted for ER status in the model. A two-sided P value 0.05 was considered statistically significant.
As discordance in stage and grade between two cancers may be important for predicting survival outcomes, we explore the appropriate ways to model tumor stage and grade of two cancers in Cox models. Akaike information criterion (AIC) and Bayesian information criterion (BIC) were used to gauge model fit while penalizing model complexity; the lower the AIC and BIC values, the better the model fit. Statistical analyses were conducted using Stata 13 software (StataCorp, College Station, TX).
Results
Missing data patterns of hormone receptors
Of the 10,231 patients who were excluded because of missing data in hormone receptors, 7049 (69%) patients had ER and PR statuses only for one cancer, 2533 (25%) patients had no ER and PR data in either cancers, 594 (6%) patients had missing data in PR status but not in ER status, and 55 (0.5%) patients had missing data in ER status but not in PR status. We compared these 10,231 patients with the 11,562 patients who had complete data in ER/PR (included in further analysis) and found that patients with invasive breast cancer or diagnosed in recent years were more likely to have complete ER/PR data (Supplementary Table S1 ). Patients with complete ER/PR data were slightly older than patients with missing ER/PR. Patients with complete ER/PR also had 30% higher risk of dying than patients with missing ER/PR data, but after adjusting for age, stage, year of diagnosis, and type of breast cancer (synchronous or metachronous), the survival difference was attenuated. We also conducted within-patient comparison among women who had missing ER data in only one cancer (Supplementary Table S2 ). Invasive tumors instead of DCIS were more likely to be tested for ER than the contralateral tumors. When both tumors were invasive, the larger tumors were more likely to be tested. Table 1 depicts the clinical characteristics of 4403 SBC and 7159 MBC cases. The average age at diagnosis for SBC patients was 63.1 years (SD ¼ 13.7); for MBC patients, the average age was 59.4 years (SD ¼ 12.9) at first diagnosis and 64.6 years (SD ¼ 13.0) at second diagnosis. Among SBC cases, the two tumors were ER-discordant in 422 (10%) patients. In MBC cohort, the ER negative-to-positive (À/þ) change was observed in 1008 (14%) patients and the ER positive-to-negative (þ/À) change was observed in 1080 (15%) patients (Table 1) . Most of the SBC cases were treated with mastectomy (60%), whereas the predominant surgical treatment of the first breast cancer in MBC patients was lumpectomy (60%).
Characteristics of SBC and MBC patients
Outcomes of SBC according to hormone-receptor status
In the SBC cohort, the median follow-up was 6.8 years [interquartile range (IQR) 7.0e10.9 years, range 5.5e13.9 years]. During a total of 32,271 person-years of follow-up, 1568 patients died, including 722 from breast cancer, 205 from other cancers, and 641 from other causes. Patients with concordant-positive (þ/þ) ER status had better clinical outcomes than patients with concordantnegative (À/À) ER status, whereas patients with discordant ER status had an intermediate prognosis ( Supplementary Fig. S1 ). The separation among the three groups was more pronounced during the earlier years of follow-up and for BCSS. In the multivariable analysis, we stratified the analysis before and after 5 years of follow-up, because the proportional hazard assumption was violated if constant hazard ratio was assumed for the entire duration of follow-up (Table 2) . We found that ER-discordant cases had approximately 2-fold higher all-cause mortality (HR ¼ 1.96, 95% CI: 1.60e2.40; p < 0.001) than ER concordant-positive cases and lower all-cause mortality (HR ¼ 0.78, 95% CI: 0.61e1.01; p ¼ 0.06) than ER concordant-negative cases in the first 5 years. Similarly ER-discordant cases had 2.8-fold higher risk of dying from breast cancer (HR ¼ 2.79, 95% CI: 2.14e3.64; p < 0.001) than ER concordant-positive cases in the first 5 years, but had similar risk of dying from breast cancer (HR ¼ 0.85, 95% CI: 0.62e1.16; p ¼ 0.30) compared with ER concordant-negative cases. By contrast, there was no statistically significant difference among the three groups in either OS or BCSS after 5 years.
When we examined the outcomes according to PR status, we found that there were significant differences among PR-discordant, concordant-negative, and concordant-positive cases in the univariate analysis ( Supplementary Fig. S1 ) and in the multivariable analysis (Table 3 , Model 1). In particular, PR discordant patients had higher all-cause mortality (HR ¼ 1.42, 95% CI: 1.19e1.69; p ¼ 0.0001) and breast cancer-specific mortality (HR ¼ 1.75, 95% CI: 1.36e2.24; p < 0.0001) than PR concordant-positive patients in the first 5 years, while PR discordant patients had lower all-cause mortality (HR ¼ 0.80, 95% CI: 0.65e0.99; p ¼ 0.04) and breast cancer-specific mortality (HR ¼ 0.73, 95% CI: 0.55e0.95; p ¼ 0.02) than PR concordant-negative patients. However, PR status was no longer significantly associated with OS or BCSS after adjusting for ER status (Table 3 , Model 2).
Outcomes of MBC according to hormone-receptor status
In the MBC cohort, the median follow-up time from the diagnosis of the second cancer was 3.8 years (IQR 1.8e5.9 years, range 0.1e13.1 years). During a total of 27,527 person-years of follow-up, 1462 patients died, including 835 from breast cancer, 149 from other cancers, and 478 from other causes. KaplaneMeier analysis showed that patients with concordant-negative (À/À) ER status had the worst OS and BCSS, followed by patients with a positive-tonegative change (þ/À) in ER status, whereas patients with concordant positive (þ/þ) or negative-to-positive change (À/þ) had the best clinical outcomes (Supplementary Fig. S2 ). These differences were attenuated in the multivariable analysis which adjusted for several prognostic factors including tumor stage and grade from both cancers (Table 4 ). In the first 5 years, the ER negative-to-positive (À/þ) group (HR ¼ 0.75 for OS and HR ¼ 0.66 for BCSS) had lower risk of dying compared to the ER concordantpositive (þ/þ) group, whereas the ER positive-to-negative (þ/À) The results for the four PR groups were similar with those observed for the ER groups ( Supplementary Fig. S2 and Table 5 ). After adjusting for ER status, the association between PR status and OS and BCSS in the first 5 years was no longer statistically significant (Table 5 , Model 2).
Prognostic effects of tumor stage and grade of two cancers
In patients with SBC, the common practice of staging is to consider the higher stage of two cancers. As shown in Supplementary Table S3, the model that included both stages (model A) and the model with higher stage (model B) had similar predictive values on BCSS, but model B is less complicated, suggesting that the practice of using higher stage is justified. Similarly, the model with higher histologic grade (model D) fit the data as well as the model with both grades (model C). Based on these results, higher stage and grade were adjusted for in the analysis of hormone receptors in the SBC cohort. Of note, among SBC patients in which the two tumors were at different stage, the odds of the higher stage tumor being ER negative versus the lower stage tumor was only 1.15:1.
In the MBC cohort, tumor stage of previous cancer was associated with BCSS after accounting for tumor stage of current cancer (Supplementary Table S4 , Model B). Although the model with higher stage (model C) fit the data well, it was not as good as model B according to Chi-square statistic and Akaike information criterion. Similarly, histologic grade of previous cancer was an independent prognostic factor after adjusting for histologic grade of current cancer. Based on these results, stage and grade of both tumors were adjusted for in the analysis of hormone receptors in the MBC cohort.
Discussion
In this study, we evaluated the prognostic impact of heterogeneity in hormone-receptor status in two cohorts of bilateral breast cancer patients. In both cohorts of patients, we found that heterogeneity in hormone-receptor status could be used to predict the overall survival and breast cancer-specific survival. The prognostic value of the ER status was predominant over that of the PR status. We also found that the effect of the hormone-receptor status varied with respect to the follow-up time.
In patients with SBC, we found that ER-discordant patients have a higher mortality risk than ER concordant-positive patients and a lower mortality risk than ER concordant-negative patients during the first 5 years. By contrast, our study justified the common practice of using the higher stage and grade of the two tumors. These findings support the need to evaluate hormone-receptor expression in all breast cancer lesions, regardless of tumor size or stage. Moreover, heterogeneity in the hormone-receptor status could change the therapeutic management of patients with SBC; both hormone therapy and chemotherapy may be considered for SBC patients with discordant ER status. A recent study focusing on multifocal/multicentric breast cancer has already showed that heterogeneity of molecular markers leads to change in adjuvant treatment in 12% of cases [3] . Notably, almost half of SBC patients in our study had missing data in ER or PR in at least one of the two cancers. Usually larger or higher stage tumor was being tested for hormone receptors, but the smaller/lower stage tumor could also be ER negative, so it is possible that some of these patients may not receive optimal therapies. In patients with MBC, we found that a change in ER status occurred in one-quarter of the patients, and the ER status of the first cancer could affect clinical outcome of the second breast cancer. We also found that stage and grade of the first breast cancer independently predicted clinical outcome of the second breast cancer. However, after adjusting for tumor stage and grade of both the first and second cancer, the predictive value of ER status of the first cancer was attenuated. In another word, ER status of previous cancer did not provide additional prognostic information if we already know grade and stage of first cancer. On the other hand, ER status of previous cancer may still important to guide therapy after diagnosis of contralateral breast cancer as the lag time between two cancers was about 5 years and a recent clinical trial demonstrated that continuation of tamoxifen for 10 years reduced breast cancer mortality compared to tamoxifen treatment for 5 years [18] .
We found that the combined hormone-receptor status of the two cancers had differential effects on clinical outcomes over time. A statistically significant difference between discordant and concordant-positive (þ/þ) cases was found only during the first 5 years after diagnosis in SBC cases; in the MBC cohort, þ/À and À/À cases had worse prognosis than þ/þ cases during the first 5 years. This observed non-proportional hazard ratio is consistent with previous studies in patients with single breast cancer, which showed that the risk of relapse or death is more frequent in patients with ER-negative breast cancers during the first 5À7 years after diagnosis, and in patients with ER-positive breast cancers thereafter [19, 20] . The effects of PR status overlapped with those of ER status. In multivariable analyses that adjusted for ER status, the prognostic value of PR status disappeared or weakened. This result is not surprising, because PR is an ER-regulated gene and is considered as a surrogate marker for functional ER [21] .
Although not a primary focus of the study, we observed that many bilateral breast cancer patients died from other cancers, such as lung cancer, colon cancer, ovarian cancer, non-Hodgkin lymphoma, and pancreatic cancer. Previous study reported that bilateral breast cancer patients had an increased risk of non-breast third cancer, which is possibly due to genetic factors and treatment of breast cancer [22] .
The strengths of our study include the relatively large sample size, the population-based registry data, and the specific information concerning the cause of death. However, there were some limitations. First, hormone-receptor assays were not standardized across clinics in SEER, although a study showed that ER measurement is reliable for SEER registries [23] . The methods for measuring hormone receptors and cut-off for calling positivity changed over time [24] . Second, data on chemotherapy and endocrine therapy were not available in SEER database, so we were not able to examine ER/PR as predictive biomarkers in addition to prognostic markers. Chemotherapy, endocrine therapy, and supportive care also evolved in the past 2 decades, with effective agents such as taxanes and trastuzumab being introduced in the late 1990s. In order to define a cohort that is relatively homogeneous in treatment and hormone-receptor testing, we focused the analysis to patients with first cancers diagnosed in 1998e2005. Last, only 32% (n ¼ 2256) of patients with MBC were followed up beyond year 5, so the statistical power for survival analysis in >5 years is limited, which may be one reason for the observed non-significant results. However, the non-significant results in >5 years are consistent from data in patients with single breast cancer [19, 20] .
This study shows that heterogeneity in hormone-receptor status is an important prognostic marker for patients with bilateral breast cancers. For patients with SBC, our results justified the evaluation of hormone-receptor expression in both cancers to better define treatment and prognosis of these patients. For patients with MBC, tumor characteristics of previous cancer including stage, grade, and hormone receptors are important to predict survival outcomes of the current cancer.
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